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Expression of hepatitis C virus N?5B protein: characterization of its 
RNA c : 1 /iner..:se activity and RNA binding. 

:3:iiL K; Tanak.i V; Yap C C; Aizaki H; Matsuura Y; Miyamura T 

: --r ur' :-erit ■.■1: */i ro: og y II, NaMonal Institute of Infe-ticus Diseases 
('-v v~ yatL.-.n.ul : ris t i ^ u^(.- M.^alt.ri;, Tckyo, Japan. 

:y,: ..cqy ' i- : L t : mere , M;!.' --JNITH: STATES;. Apr 1 999, 2 9 (4. 
p,:.:' :SSN 27 : - I : '-^ Jiurna..- Co!^r: &:::C;:946 

: ■■•i^m-. r,t t yp-j : .'jurncii. /u ti 
J ;es : E: : L .--H 

M.^::'. ■.Utat.cr: ' wr.er: :]L[I 

r V r .1 t \^0'.' : : ie t *. d 

s .rj.ri.^r:"'' i:::::/ mec : 

Tno ri: .nst r-u.r: ur \:I protern 93 ; NS5B ) '^1 nepatitis C vir;.s ^tiCV; ^ ... 
c^: r. ~ loered t^:' c 5 -vs;:; 9 :]A-::iep er. ient F.NA polymerase (RdRp) ac*:ivity and t :j 
p].:iy an es ::^enr. i L rc^^e rc r the v:.ral replication. In tnis study, w- 
evp- r^5s._^.1 tne NS5B prL:teiri of o5 kd by a recombinant baculovir .s. Witn 
the hi'jnly pararie:! NS5B p'r^jtem, we established an in vitro system for 
PaPp. a-":t. ivity ^-y usm;: pc::y(A) as 5i tempdate and a I5-iner cdicofU} 

, 1 ^ - -1 ; ] - ) \^ p>ri:uer. (-p'timal -:nditi:'ns of temperature ai-.o pH for 

p ri:r.':-r-d'roendenl polymerase activity :f tne NS5B were 32. degrees C and 
p: i,:), ^ The a:;:litic-r: or Ii. mnrd ji ^h^l + Increased tne a:;t:.c/ity. The 
i np ■■■ r" t an :e 'jf i:.ceii njt.^:s L'jnserved ir; F'ir.p among other p;os L t '.'e- s : r a:, .i 
e:]A viruses was ■::onfirnei by : nt r.:;du<::t L.:.n rt an Ala residue t :■ ev^-ry aiT.inj 
acii of the nu'-tifs by site-directed rnut ag*..^nes is . All mutants lost F.d 
activity, but retameo the ENA binding activity, excep-t ^ine mutant 
Tn:u:8 ^hAsnl9I . L^eletion mutant analysis indicated that the N-termin 
re::i-:-n ■: f NS5B orotej.n was -riticai f-:-r tne RNA bindina. Inh^Licicn 
RdRr." activity by (-)beta-h-E ' , 3 ' -dideoxy- 3 ' -t hi acy t id i.ne 9' - trip nc^sp. hat 

i3t':; ].amivuiiri- t r ::.p h-: spnat e ; an 1 P'nosph^rioa ^e t ic acii fP/-.A) was observ- 
aff.er screenmq c-f nu j ^ e .-srae -ina b^gs and kn-Dwn polymerase inhibitors 
Tn-i-se -J-^ta p. r 1 ie us not r^nly important -lues for ur.de r' stand i nq t 
me;-nar.isr ■i^f Ht\' r ep 1 i ::a t i:.:-n, r it I s 3 a new target :f antiviral cner.^py. 
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r-escr .c-t jrc : L'!IA-['i re-Jt ed RNA Polymerase - -me t abed ism--!IE ; " RIIA 
--rr.e*i^.abolism--r:E; "RtJA Pepl i case--met ab jli3m--ME; ^ Viral IJcns ^ ructural 
Froteins--metaboiisn---ME; Ra::u : ovi ridae- -gene tics- -GE; Cell hme; 

Mutacenesis, Si t e- Lu. re steu ; r "c nt Mutation; Protein Bin iina--qene *. ic:s--GE ; 
RNA Pepl icase--genetics--oE; PIIA Pepl lease-- iscdatic n and pur i. f ic: at i Dn-- I P 
; Sc :d iT'teri; 'transfe :t .^n; '/ir :i on s t ru t u r a 1 F rot ems- -gene*, ic D--GE; 
'virai !.]--.nstru -:u: od P r :.t • ns - - : so i t i ^n and p i r i f i ca 1 1 on-- 1 P 

CAS Peg^str-.- i:--.' . : 0 ^MS-5 protein, hepatitis S virus); ' (Viici^ 

Uon^^^ r u ura i T r ei ns , ; r j 91 i - o3-'j (RIIA) 

Enzyme No.: EC :-.7.7.4 8 (PNA Replicase); EC 2.7.7.6 ( DNA-Dire-.te i RNA 
Polymerase ■ 

Pecor.j Date Created: I9?:^0[.2j 
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CIA1-- -{r E-.ie . ::iECLr:E d-u 

19 19 9 9i"^99 ''eC 9M1P: 9&32371 

Characterization of soluble hepatitis C virus RNA-dependent RNA 
p i\merase expressed in Escherichia coli . 

V-ri-a:-.L E; Wr i ^nnt -Min o.^-*-- - ■ ; '^^n? J W; 3arouiy B M; Lau J Y; Honj E 
Antivirai' Therjc\'-, Ccneri n^^-Pl ; ugh Researcli Institute, KenilwDrtn, New 
Jersev 9 d] jl-lc - ■.^ USA. 

:-.-r.^. :f v:r.-:(:y (CNITE: STATES' Eeb 1 999, 7 3 (2; plb49-54, 
ISSM 9 C.':2- 9 1 111 .i.i'Urnal C'jie: 91 12 724 
:. :. ■:uiT':^nt t yp^e : Tcurnal Article 

:-:^.n -tit at ion Iwner: NEH 
F.erjri type: Cjmpletel 
Sur file: Ild F9-: KECdCdS 

Pr ■ lur-M-Ti "d s-luble full-lenqth nonstructural prc^:ein 95 : NS5B ; -t 



hepatitis C virus ; H :V ; has been shown t'-- be pr ob i e:(>a t l ■:: a.ia i-r..::-.- tn-; 
aJ.^itiori ot: sales, :uycer(.i, and d-'erj-nts. In an eitort to i:T;nroo/e tn^- 
-Ijl^ility -^f NS5B , the hydrc ph-jt' io o terminus cjntaminq .-I ainino a-, las 
v;,.5 rerntved, yie:d:_n:: a irur:c<.:ed NS5B f NS^.Boe 1 taCT ) wnioh is highly 
s.lul-le and rn ■ no :ii sper se j in me at sen ■:e of detergents, i-d.ne lichletitna] 
.-.-alysis -)f tr.is reqicn revoale:: tn^t a f^ur-Ieutlne irrtir: ihLLlo m tne 
:-.y3rLphoot:' ion.ain is responsible ::r tne soluoility tne 
: ul '-.-lenntn NS5B . E;n::ymat::' oha rao t er l za t i tn r^;ve.^l.ei that the^ 
i'dA-i-ief endent h::A polymerase (PoFt-) aotlvnity ■::f this t, r ^irisa te^:! NS5B was 



,:t p,-, rar-y - ' tn.s-- r^-r^erted pt>-vi',.sly r)y :'th-=o 



. '/:.t i:\--iltso nan ^ an--- se ..ns iMntO co r r s e^; r"a'. ..or- tnan 

. o-'i'-vir.^ re]?.o :i nn i t o r- , ir.n.rot-ol :i y/ NS5B KoRr. 

::V ;/rl:,...-:iepvn':en'" ka nn- T ?: i n^ -t . t an.lys._s reveale:! : h,- H'^/ NS5B h.s 
r- :trier . ■"■w c r S'/es s : -/ 1 1 y >jrTparea * th:se ot 'atner- on.v;n p-ji yne r ast:^ . 
Ta-4s: Human; oupro..-rt, :].:.n-:j.y. .:y:-\''t 

:-es :rit.r::;)rs : * Her aoi vi r':s--er.zyr.': l'tqy--^:J; ' rWk Repl i case- -met abed ism- -ME 
• Viral N'-; nst rust ural Fr ate : r:s--met ato-li sm--Mr:; l-st i r.o k-:: : d ^'equence; 
■:at ions, I'lVu 1 -r.t ; Enzyme Inhibxtors armao : l^agy-- ^ [j; Rs ::n-; rich, i a eel i ; 

:;Lioto>:ir:--rha?mac.i: agy--yn^; Meta.s; Mrlecular e.:Tuen :;ita; H1!A P.eplisase 
--antagonists c^nd inhibitors --A1; KWA Py.p^ icase- - ::ene t . os--t;E ; RNA 
Feci lease- -1 sol at 1 an and pur: ! i-o^t i an--! i^; R^/camrd.nan': r us : : n Praite ms 
--■::enetios--':R; F;eocmb i nant Fus:c.r. Pri' teins - -i s^ala 1 1 : n and furifiaat ior: 
--IP; Recombinant Fus: :n Pnate : ns--met at cl :.sn--ME:; 5equente rielet..on; 
.t.:duoiiit y; ral ^ns t r u : t ura 1. Pr a^t.e ms- - antaq : ni st s ::na inhibitors --Al; 

Viral nonstructural Prot ein3--cfenet ics--oF: ; Viral nst ruatur al Proteins 
-- i s:.;lat !■: n --ivA rear i f i ca t i a n-- 7 P 

CAS Regisr ry ^ Mo. : 0 ( Cat :i ■ ■■r.s , Ldvaivnt:); 0 iP.nsyne Inhibjtors.; P 

:Ketals;; (riC-5 p.ratem, hepatitis C virus}; ■ Rec amh* . nar:t Fusion 

F r te iris ) ; 0 < Vi re. I :](jns t r u atur la 1 Pra teins ) ; ^■■"-9 9-1 ^ CI :._ot axir. ) 

Fnzyme ho.: R : 2 . ^ . 7 . ^ >^ ' RdA RefCarase. 

Fec-.;ra L'ate :r-eate:i: :-^;^90yl-3 
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::-rARC^:;^:F : Fi;ie lo: ::-:e;)l:i]r ■ f ) 

;. ;^9^9:>51 9H-;iC;e^3 PMIC: a^^'V/oR 

Biochemical and kinetic analyses of nSaP RNA-dependent RNA polymerase 
of the hepatitis C virus. 

L'anmar.n V; R::: as A; Karner F; r.'orh J 0; Bar tens ::hl ager F 

Institute for Vir ola) ;;Ty, J.jh annes -Gu t enberg Uni'/ers:._ty [Riinz, Gbere 
Cahlracher StidSse 6^, Ma^r;z, aalll, Cermany. 

V.rol?:^y CJMTTRD CCATRR) Cop I': l'^98, 24 9 ■ : '■ plM8-18, ISSU 

R - 68 PR ■la'urna: Cc ^le : C'llOC -'l 
lO'Cunenr. typ^e: Journal. Article 
hanguages: EUt^RISH 
Ma : n Ci^ at -n lawner : :JRM 
Fecord type: Campleted 
R iofile: :::CEX MRF R:fJS 

Che bi'achemical properties of the F NA-dep en dent RIJA polymerase ,.^dRp- 
the hepatitis C v:.rus were analyzed, A hexanis t ad: ne a f Ian i t y- 1 agge^i 
NS5B fasi-an rratein was expresseo wit.h r ecc mb in.ant ba au Levi ruses m 
.nS'o:t :eliS ^na ourlli.-'d ta:. n'-ar h ::na genei t y . Rnzymat .c activit:y of the 
taiiriea pr-:t.^::n wbs ia.ni:aiteai by K C. cr hlgn a: nceroo a a .an al :R.C1 and 
W3S abs:iutely ceF:enient: :n F].j."-, wnich .a:ulj oe repla:ed by KnR-. NS5B 
was found t a- r-r pr:-cessive and atale ta capy long net ero|..:o Lyme c templates 
wit.n an elon^jation rate c.f 150-200 nuc^ea-t i aes /m in at 22 degreesC, Kaneti: 
-.-■^'s^a-^s w-r^ determined for a LI four nucleoside t r iph asplia t es an i 
aiVfer^nt ^emo:ate3. In aase zf a hetercpolyrner ic FIJA template 
I resp :nain-: ta tne last 319 n:aL^-atides -it tne hepatitis 2 virus gename, 
Rm values l-ar VCF, CTP, ATP, and CTF were appr animate l.y l.D, ap^proxima tely 
"*t, appr :ximately 1], ana a::oraa< imat el y 0.:. micraM, respe :t i ve 1 y . Cne 
r. 't^le several inhibitors R-Ri' activity and aubstrc^te analogs 

\nJiaateu tna: the en.cyme has stran."! preference for r i oonuc iec^ 5 1 de 

^ • riphosph :i^cas and tnat it cl-.sely resembles :Ppol of pi c arnav 1 ruses . 
Co: yright 19^8 Academic Press. 

lags: Human; Suppart, Ilan-C.S. Ra^v't 



Nr risT..ruct. ir a. I Pr ' r,^:-ins i 

!]■:..: EC .2.7.7.48 (r^A Fepiicase) 
p^^or-ra L'ate Created: :9?eiO: 2 
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DIA:.:jG ;;K; File 1 5 :> : ME T LIIIE ( F ) 

'"candidate'tirgets for hepatitis C virus-specxf ic antiviral therapy 

i;:;:!;u^e'''":'r V.:-oL:.,y, Mnxversity cf ^:a.nz, Germany. 

baL-tr;s:;h'ani;:dmza.-.'.dv. uni-m6inz.de , 

InceL-virolcgy ( SW: TCERLAUD) L'?97, 40 (5-o) ^,no-93, looN J3j. -o..o 

J.-urnal Codb: 0?>54.':65 . „, ^ ■ - 

'Document type: Journal Article; Review; F.eview, jutoria. 

Lan^guaqc-s : EtIGLISH 

y.am Citation :jwner: HLM 

r-ecori type: Ccinpieted 

t£^'1^-',^- ^ti^'^'-^^^-^^^ i»CV) was Identified as the ma^.ir causative agent 
-t- r'-n-ts:^us7-.n"and conr^un.ty-acquired non-A, non-B hepat.tis throughout 
tV :-.r d 't " an envelopeii virus with a plus-strand P'lA genome er.coding 
c-dvp-iein 7; f about 3,010 a.,ino acids. This polyprotein is cleavea co- 
in-/- ooS t.a^s la t lonall y into .ature viral P^^^:^ J^^^.t' J^^^t^ 
n~^t ■•-^sr-s and ^ viral eniyrr.es designated the nS..-3 prot^ina..e ana n., 
7v/4A Pro..^i^-7.e7^omp:e:.:. It is assumed that virus replication takes place 
tIo.-/4A prQt..xn3..e i ^-.tioIpv .-.nt aining at least 2 viral en-ymati 

X^^^^JC^^sr'Sle^sS-^rlp^'phatLe (l.TPase) .nelicase and tne 
NS5B 'p-r'A-dep^nd-nt RKA polymerase (RdRp) . Based on their important r. .1. 
.he V ^al life cycle ana the wealth of mformation available fo« 
-.luul-.r and viral proteins, the MS3/4A ^erine-type proteinase 
;!;^d:^ -^ii" ns:. NTRalt/Llicase and the NS5B RdRp are tho most 
::7-;-:: -.. tar.>->t^ --.r devc-lopment of HCV-specifii ant.viral therapies 
^r-'""'- : ; rr ^nA-nari-- .-.ur current knowledge about structure and 

Iun;ti?.r':f th;ie p^:t:i;;s ani describe approaches pursued to identify 
.-f--^.--iv- antiviral compounas . (1-^2 Refs.) 

;;;:,;°3t.";:!„„.,S.olis.-ME; models, «ole=ular; H« Repl Icase-antaqonist,, 

7> T • vir-l f.-rs' ru -'-u-al Proteins--r,etah clism--ME 
and inhibitors --A1, yird [.■.T.o'.ru u.dL ,mc- n-oteir, 

CAS Registry !Ii.: 0 (HS-^: protein, hepatiti. '^'^^-J ' ..^'^ ' , vl^a 1 

hepatitis C virusi; 0 ■:;S4 protein, hepatitis c .irus), 0 (Vir..i 

''En';m''"''-'"F''"1!7.48 (R^IA Replicase); EC 3.4.- (Endopeptidases) ; 
EC 3:^4::: ■■■7cystoine Endcpept : dases ) ; EC 3.4.22.- (tlS2-3 protease); 

7 . <:^9 . - . L:NA He] leases) 

Fe.-c.rd ::ate Created: 1998:001 
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::n ALCC ( F ) Ei le l 5 ^. : MEljLiriE ( P ) 

Expression of recorobinant hepatitis C virus non-structural protein 5B in 

Escherichia coli . 

T' p u . '.'IP ^* • VJan''T Y; Haaed:rri C H ^ ^ 

M^iiclne/ Genetics Froaram of the Wm.hip Cancer center, 



Erti': r 



Cepart.rent c^ Medicine, ^ 

;;:hooi of [':edic.ne, Atlanta, ba -05^^, 'oA. 



Vi^us researcr. ;NETHER: ANCS . Feb 1996, 53 1^) pl^l-- 

f.^, a_i7(' -, J:urnal C'Zde: 84 iO.-^".-* 

Contract /Grant No.: AI414J4; AI ; NIAID 



I -ccunu.-r.t type: Journal Article 
].angu.-:i_-:es : B^.MGLI::H 
[•lain Citation Owr;er: :]LM 
I-ecorJ type: Ci'mtieted 
:::u]rfile: :ilJ3t::-: MEtilL^U;-- 

The hi--'r^ati t: 3 virus f}lCV"' represtjnts a major public health prcbleiT; ^:ha^ 
can prj'auce 1 1 vr r failure and h^.^p^at ec(.'ilular earcmeniu m r:h ro n : ca . .1 y 
rnrecte-j patient.-. -Our qcal was to expiess the HC\' non-5- 1 ructurai protein 
SB ■: NS5B ) ri'jtein ot^ HCV gen-ityp^e la in Escherichia coir and irntiate 
stud. les 'if rts ri'le in HCV genon.ic replication. Ir. this ref.>~rt v^,^ 
derionstraie that. r^uC'-.uixdnanr. NS5B protein with an amino uernina 

se-juenc^ c 1" hcjVr-'i^-VJTG :.:iS RilA-depenaent P.NA polymerase (RL'F:P; ac:.ii'ioy. 
This r--:-::m.tdnant- enzyme w,^s active m pcdylU) polymerase assays an^i 
c>r'.':iu::e-.i t empia t •■■ - s 1 z-:ul FMA pro:luc:s v;hen glcoin mRNA v;as used as 'i 
tenpistv. Tno polymerase .it.o-ty r,f r- :'o::ioinc;nt: NS5B 

t r::T,-.^r- .i'loer.d^-'rit ;u-d w.;i;-. ^ :t:i\'- l:<'r .d: least c miri oi in-, una '.; i ^ u. , : ■ . :. 
cieqrees d. :elet:iin of tne carbixyl termir.a: regr^n of HCV NS5B r-s-;l:ei 
in" a loss of Rj?.? activity ir.dicat. ing: that the enzymatic a::tivity ol::served 
was due tC' the full-length re'ii^mbi nant enzyme, rvecombinant NS5B ;?D?.r; 
sh'::.uld assist m unde rs t anamg the mechanism of HCV replicatic-n and the 
i dent If i'-":at ion of sp^ecifi: enzyme inhibitors . 

Taas: Human; Supp'jrt, Non-U. S. Gcv't; Sup^port, C.S. Gov't, P.H.S. 

L'escr rpr.ors : " Es cher a.ch i a col i - -me t abol i sni- -ME ; * Hepac i v i rus --en z yri' d Cmv/ 
--E::; '"EKA r. epd icase--:!:d osyntr.esi s--Ed ; ^Viril tlinst ruct -...ral :U )*ein.-:. 
--fcc 'isyr.thes i s--E 1 ; Gene Express i on; Clc^b ms- -g-.-r.et ics -- 3E; Hep .ic . r 
-_.^enet 1CS--GE; Mutagenesis; Fid y y--metab :d i sm — ME; 1 UA Fep'lic-se 
--genetics — GE; R!:a, Messenger- -metabolism- -ME; F.O'Zombinant Eusion Pror.eins 
--tuosynthesis-'BI ; Recombinant Eusion Prot eins-- genet i cs - -GE ; CeriF^Lates ; 
Viral tPans tract ural Prot ems --genet ics--GE 

CAS Registry tlo.: 0 [US-b protein, hepatitis C virus); 0 (F:NA, 

Messenger); 0 (Recombinant Elusion Proteins); 0 (Viral Ilonst rU'Zt ura 1 
Proteins); i741G-;":6-0 (Poly U) ; 9004-::.:-^ (Glotjins) 

Enzyme tlo.: EC ;d7.7.4?:: (RIIA Repli.zase; 

Record Date Crouied: :9?e:0;:10 
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D I AL'JG ( Fd El 1 e 1 ^ ^ : ME DL II JE { R ) 

08J97686 9j(')5b04 3 PMID: 7^)66606 

Hepatitis C vxrus NS3 serine proteinase: trans -cleavage requirements and 
processing kinetics . 

Lm C; Pragai 3 M; Grak^jux A; :-:u J; Rice C M 

Department' of Molecular Microbiology, VJashin^ton University ?ch.-oil jf 
Medicine, St. houis, Missouri 63110-1093. 

dournal of virology (tiniTED STATES) Dec 1994 , 68 (12) p8147-5'/, 
ISz-II 00z2-i)38:-: dournal Code: 0113724 

Contract/Grant lio.: CA57973; CA; NCI 

[■ocument type: Journal Article 

hanguages: EUGIjISH 

Main ■■:itatiori I'jwner: dLM 

Record type: Completed 

CuDfile: lUDEE MEDICdd 

The hepatitis C virus H strain (HCV-H) polyprotem is cleaved to r^roduce 
at least 10 distinct products, m the order i-f 

I]H2-C-El-E2-p7-n3z-:JS3-nS4A-:JS4E-I]S5A- NS5B -COOH . An HCV-encodea serine 
proteinase activity in US3 is required for cleavage at four sites in the 
nonstruzzural region (3MA, ^A^-IB, 43/^jA, and 5A/.'j3). In th.s repz rt , the 
HCV-H serine pr.:'teinase dDrnain (the d-zermina. 181 residues of ; wfis 
tested for its aoility t -j neiiate trans -pzz-cess i r.g at these four Ey 
using an NS3-53 substrate with an inaztivated serine pr:teLnase ojnain, 
trans-cleavage was observed at ail sites except fc-r the 3/4A site. o^'l'd:izn 
of the inactive p-roteinase donam led to efficient trans-processing az tne 
3/4A sice. Smaller :J34A-4B and N35A-5B suDstrates were pr-»zessed 
efficiently in trans; however, cleavage zf an tJ343-5A substrate -ozzurred 
only when the serine proteinase domain was :oexpressed with dS4A. ■Irily tne 
rJ-terminal 35 amdno acids of N34A were required f^r this activity. Thus, 
while IJS4A appears t3 be ats:lutely required for t rans -cl ea vage at t;ne 



4£.'5A site, it is not an essential cofactor for serine pro'^^.as- .i-.: t : '/ : v v . 
Tc begin tc examine the conservation (or o^ vo i oco, o ■ , r s^o^n-; 
prut einase-subst ratf- interactions curing HCV evclution, we de:T;ons t r cit-o 
that similar t ran.!:-prC'Cess ing cccurred when the proteinase domairis un^: 
substrates were derived from two different HCV subtypes. These results are 
eroruraging for the development of broadly effective HCV serine proteinase 
inhibitors as antiviral agents. Finally, the kinetics of processing in 
th- nDnstructural regicn was examined by pulse-chase analysis. 
KS.:-ccntainina p re^-ur s r s were absent, indicating tnat the 2/3 and 3/4A 
cl^'-avages occur riipid'y. In C''ntrast, pr Dce ss -r. g of the IjS4A-5B region 
af't-earei to invjlve multiple pathiways, and s.-uni f icar.t q.,.^:. ^ ^es i 
various pilyprotem i n t e rmedi lit ^-s were observed. NS5B , the putative Rlia 
polymerase ' , was founa to b.- significantly less stable than the ot::er 
mature cleavage produtts. This instaoility appeared to oe an inherent 
pr.:.r:)erty ■: f NS5B and did njt depen-i Dn exp-ression i otner viral 
pcd yoeotides, including the HCV-encoded proteinases. 

Tags^: Animal; Comparative Stu:dy; H^iman; Cupport, hDn-U.S. Giv't; Support, 
U.J. Gov't, P.H.S. 

Descriptors : ^Hepaci virus--en2:ymology--EN; '^Protein Processing, 

Post-Translational; ^Viral N-onst ructural Pr jteins--metab-jl i sm--Mr:; /^mino 
Acid Sequence; Base Sequence; Binding Sites; Cell Line; Cere ooi t hecus 
aethiops; DNA Primers; Hamsters; Kidney; Kinetics; Mclecular Sequence Data; 

Polymerase Chain Reaction; Restriction Mapping; Sequence Homology, Ammo 
Acid; Tumor Cells, Cultured; Viral Tlonstructurai Proteins-'ta tsynthes is--Bl 
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Summary 

[Headnote] 

The hepatitis C virus (HCV) was identified as the major causative agent of posttransfusion and community-acquired non-A, 
non-B hepatitis throughout the world. It is an enveloped virus with a plus-strand RNA genome encoding a polyprotein of 
about 3,010 amino acids. This polyprotein is cleaved co- and posttranslationally into mature viral proteins by host cell signal 
peptidases and 2 viral enzymes designated the NS2-3 proteinase and the NS3/4A proteinase complex. It is assumed that 
virus replication takes place in a membrane-associated complex containing at least 2 viral enzymatic activities: the NS3 
nucleoside triphosphatase (NTPase)/helicase and the NS5B RNA-dependent RNA polymerase (RdRp). Based on their 
important role for the viral life cycle and the wealth of information available for related cellular and viral proteins, the NS3/4A 
serine-type proteinase complex, the NS3 NTPase/helicase and the NS5B RdRp are the most attractive targets for 
development of HCV-specific antiviral therapies. This review will summarize our current knowledge about structure and 
function of these proteins and describe approaches pursued to identify effective antiviral compounds. 



The hepatitis C virus (HCV) is the major cause of transfusion-associated and sporadic non-A, non-B 
hepatitis cases worldwide [for reviews, see ref 1, 2]. Most if not all infections become chronic and lead 
to various clinical outcomes including an inapparent carrier state with normal or almost normal liver 
functions, acute hepatitis and in about 50% of cases a chronic hepatitis. Approximately 20% of chronic 
cases develop liver cirrhosis which leads to liver failure in about 25% of cirrhotic cases. Furthermore, 
patients with chronic HCV infections, in particular those which lead to cirrhosis, are at high risk to 
develop a hepatocellular carcinoma, and HCV is the second most common etiologic agent in the 
development of this disease [1,2]. 

HCV infections are found throughout the world with prevalences among volunteer blood donors ranging 
between 0.4% (USA, UK) and IVo (Japan, Taiwan) to more than 14% (Egypt) [2]. The virus is 
transmitted primarily by the parenteral route and many HCV-infected individuals are intravenous drug 
users or recipients of blood or blood products. Although with the implementation of serological tests to 
monitor antibodies against HCV the prevalence of transfusion-associated hepatitis has decreased 
markedly, prevalences still are high because 4050%) of infections are not associated with identified risk 
factors. However, about two thirds of these 'sporadic' infections have a low socio-economic background 
often associated with some other type of high-risk behaviour like contact with a sexual partner who used 
intravenous drugs. 

Chronic HCV infections so far can only be treated with interferon-alpha. However, in only about 40% of 
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treated patients do serum alanine aminotransferase (an indicator for liver cell damage) levels decrease to 
normal. Unfortunately, after cessation of therapy, about 70% of these responders relapse and only 25% 
of patients show longterm normalization of serum alanine aminotransferase levels [3, 4]. Although this 
number can possibly be increased in combination therapy with the purine nucleoside analogue ribavirin 
[5-8], preliminary data indicate that even in this case only about 40% of treated patients show a 
long-term response [9] demonstrating the need for more effective therapy against chronic HCV 
infections. 

This review will briefly summarize some aspects on the molecular biology of HCV. It will focus on 
polyprotein processing by the NS3 proteinase and RNA replication and describe approaches how some 
of the viral enzymes involved in these processes may be used as targets for an effective antiviral therapy. 

The Infectious Agent 

Studies on the HCV so far have been hampered by the relatively low virus titres in infectious sera, the 
low expression levels of viral antigens in infected tissues, the lack of an infectious cDNA clone or tissue 
culture systems to propagate the virus and the lack of a convenient animal model. Therefore, most of our 
knowledge about virus structure, genome organization and function of viral proteins is derived from a 
limited number of experimental infections of chimpanzees, which are the only animal model available 
[10], molecular cloning of HCV cDNAs [1 1-IS], recombinant expression systems and the analogy to 
other related viruses. From these analyses, it is known that HCV is an enveloped virus with a 
plus-stranded RNA genome about 9,600 nucleotides in length. The genome carries a single long open 
reading frame encoding a polyprotein of about 3,010 amino acids which is cleaved co- and 
posttranslationally into mature viral proteins (fig. 1). The open reading frame is flanked by 5' and 3' 
untranslated regions about 340 and 230 nucleotides in length, respectively, important for translation of 
the polyprotein and RNA replication [16-23]. 



Fig. 1. 

Recombinant expression systems have been used to identify HCV polyprotein cleavage products and to 
delineate their arrangement within the genome. Their order is (from the amino to the carboxy terminus): 
NH2-C-El-E2p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B-COOH (fig. 1) [24-30]. Specific functions can 
be ascribed to most of these proteins. The C-protein, a basic RNA-binding protein, most likely is the 
major constituent of the nucleocapsid [31, 32]. El and E2 are heavily glycosylated transmembrane 
proteins embedded into the viral lipid envelope [33-36]. Next to these structural proteins is a small 
hydrophobic peptide designated p7 the function of which so far is not known. Nonstructural proteins 
(NS) 2-SB probably are not constituents of the virus particle but are rather involved in polyprotein 
processing and RNA replication. NS2 and the amino terminal domain of NS3 constitute the NS2-3 
proteinase cleaving the NS2/3 junction most likely in an intramolecular reaction [37-39]. The same 
amino terminal NS3 domain is a serine-type proteinase required for cleavage at all other sites within the 
NS region [25, 28, 39-43]. In addition to this function, the NS3 protein has a nucleoside triphosphatase 
(NTPase)/ helicase activity located in the carboxy-terminal two thirds of the molecule [44-48]. NS4A is 
a cofactor of the NS3 proteinase modulating the activity of this enzyme [49-52]. The functions of NS4B 
and NS5A so far are not known. NS5B is an RNA-dependent RNA polymerase (RdRp) [53-55]. 
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Fig. 2. 

A similar genome organization is found with the closely related flaviviruses, the animal pathogenic 
pestiviruses and the recently cloned GB viruses, in particular the GBV-B isolate [56-58]. All these 
viruses are enveloped plus-strand RNA viruses with a genome containing a single long open reading 
frame flanked by 5' and 3' untranslated regions. In addition, a significant coincidence between the 
hydrophobicity profiles of the viral polyproteins is found as well as short colinear regions of sequence 
homologies within the polyproteins corresponding in part to proteins with analogous functions [59]. 
Consequently, HCV is now classified as the separate genus hepatitis C virus together with the genera 
flaviviruses and pestiviruses in the family Flaviviridae [60]. Although the GB viruses have not been 
classified so far, they can be regarded as novel members of the same family. 

The HCV Replication Cycle 

Hepatocytes appear to be a major site of HCV replication. In addition, there is growing evidence that 
HCV can also replicate within mononuclear cells or establish a latent infection in these cells which can 
be activated by certain stimuli [61]. Thus, a lymphotropism of HCV could be relevant to the 
establishment of chronic infections and explain the frequently observed reinfection of transplanted liver 
grafts [62,63]. 

Due to the limitations described above, currently only a speculative model on the replication of HCV can 
be drawn (fig. 2). After binding to the target cell, which may involve interaction between a host cell 
receptor and the viral E proteins, HCV penetrates the cell and the viral plus-strand RNA is released from 
the nucleocapsid into the cytoplasm of the host cell. This RNA is translated and the resulting polyprotein 
is cleaved co- and posttranslafionally by cellular and two viral proteinases into mature viral proteins. 
Translation occurs at the rough endoplasmic reticulum and viral proteins remain tightly associated with 
intracellular membranes probably forming a membrane-associated replication complex into which at 
least the NS3 helicase and the NS5B polymerase are incorporated. Within this complex, the viral RNA 
plus-strand is copied into several minus-strand RNAs which in turn serve ( 1 ) as template for synthesis 
of progeny plus-strand RNAs, (2) as mRNAs for translation of viral proteins or (3) are incorporated into 
the nucleocapsid. Circumstantial evidence suggests that nucleocapsids acquired the envelope by budding 
into the lumen of intracellular vesicles. In this case, HCV particles would be released from the cell via 
the constitutive secretory pathway. 
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Table 1. 

In principle, each step in the viral life cycle represents a potential target for antiviral therapy. However, 
most of these steps are poorly understood or hypothetical, and the viral and cellular proteins involved are 
not known. In this respect, the most attractive targets are the NS3 serine-type proteinase and the 2 
recently characterized components of the viral replicase: the NS3 NTPase/helicase and the NSSB RdRp. 
I will focus the rest of this article to function and structure of these enzymes and describe different 
strategies currently pursued to develop effective inhibitors. 

Processing of the Viral Polyprotein Precursor 

Cell-free transcription/translation and transient expression of HCV genome fragments in cell culture 
have been used to characterize processing of the viral polyprotein. As deduced from hydrophobic 
sequences preceding the cleavage sites and the dependence on microsomal membranes, the C-NS2 
region is processed by host signal peptidases cleaving at the C/El, E1/E2, E2/p7, p7/NS2 junctions (table 
1) [24, 29, 30, 42, 64]. The production of processing intermediates, most notably an E2-p7-NS2 protein, 
indicates that not all cleavages within the structural region are cotranslational [29, 30, 35, 65]. 
Furthermore, a second posttranslational cleavage close to the carboxy terminus of the C protein takes 
place removing the El signal sequence [31, 66]. 

In contrast to the structural region which is processed exclusively by host cell enzymes, the NS region is 
cleaved by 2 viral proteinases (table 1). Of these, the most specialized and least understood is the NS2-3 
proteinase responsible for processing at the NS2/3 junction [37-39]. Cleavage at this site most likely is 
an intramolecular and cotranslational reaction. Deletion studies show that most of the NS2 region and 
the amino terminal NS3 domain are required for efficient processing [37, 38, 67]. Within the NS2 
sequence His-952 and Cys-993 are essential for enzymatic activity [37, 38]. This finding and the fact 
that enzymatic activity can be enhanced by zinc ions and reduced by chelating agents like EDTA led to 
the suggestion that the NS2-3 proteinase is a zinc-dependent metalloproteinase [38]. However, since 
zinc ions are also required for proper folding of the NS3 proteinase domain (see below), it is not known 
whether the activating effect is due to proper folding of the NS3 domain of the NS2-3 proteinase or 
whether zinc is also bound by NS2 and participates in the cleavage reaction. 

The reason why the amino-terminal NS3 domain is required for cleavage at the NS2/3 junction is 
unknown as well. Either the enzymatic activity resides in the NS2 domain and the NS3 domain is 
required for proper folding of the proteinase or the NS2/3 cleavage site or both domains are required to 
constitute the enzymatically active proteinase. In the latter case, the NS2/3 site is present within the 
enzyme which would be inactivated after cleavage, reminiscent to the suicidal proteinase of the Sindbis 
virus capsid protein [for a review, see ref. 68]. 

Although the NS2-3 proteinase and the NS3 proteinase overlap, they carry independent activities 
because mutational inactivation of the NS2-3 enzyme only blocks cleavage at the NS2/3 site but does not 
affect processing at any of the NS3-dependent sites and inactivation of the NS3 proteinase has no effect 
on processing at the NS2/3 junction [28, 37, 38, 40]. However, at least for some HCV isolates, removal 
of the NS2 region from the NS3 domain appears to be required for efficient processing of the NS35B 
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region by the NS3 proteinase [69]. 
The NS3 Proteinase 

The most intensively studied and therefore best understood target for antiviral therapy against HCV is 
the NS3 proteinase. Originally predicted on the basis of sequence comparisons between HCV and 
several other viral and cellular proteinases, the serine-type proteinase activity residing in the 
amino-terminal NS3 domain has been proven experimentally by several groups [28, 38, 40, 42]. It is 
required for cleavage at the NS3/4A, NS4A/4B, NS4B/5A and NSSA/5B sites but dispensable for 
processing at all other known sites. The lack of detectable NS3/ 4A precursors, the insensiti\ ity of 
cleavage kinetics at the NS3/4A site to dilution and the inability to cleave this site in trans strongly 
suggest that processing between NS3 and NS4A is an intramolecular and cotranslational reaction. In 
contrast, processing at the other NS3-dependent sites can be mediated in trans (table 1) [28, 40, 49, 5 1 ]. 

Several studies have demonstrated a preferential but not obligatory order of cleavages of the NS 
polyprotein precursor by the NS3 proteinase. The first, probably cotranslational, cleavage occurs 
between NS3 and NS4A and is followed by processing at the NS5A/5B junction. The resulting 
NS4A-5A intermediate is cleaved more slowly following different pathways [49-51, 70]. 

Deletion studies demonstrated that the amino-terminal 181 residues of NS3 are sufficient for full 
proteolytic activity [49, 51, 71, 72]. Further truncations at the carboxy terminus completely destroy the 
enzymatic activity, whereas removal of amino-terminal residues has a differential effect. While normal 
processing patterns are observed for NS3 proteinases lacking up to 14 amino-terminal residues, deletion 
of 22 amino acids severely reduces cleavage at the NS4A/4B site and completely blocks processing at 
the NS4B1 SA junction, whereas cleavage at the NS5A/5B site is only moderately affected [49, 71]. The 
reason for this differential effect will be given below. 

First insights into the specificity of the enzyme were obtained from the determination of amino-terminal 
sequences of cleavage products. These studies allowed the precise localization of the processing sites 
[42, 73] and they led to the definition of the following consensus sequence: Asp/Glu-X-X-X-X-Cys/Thr 
(arrow down) Ser/Ala (where X is variable). An acidic residue is found at the P6 position, a Pl-Cys 
residue at all trans-cleavage sites or a Pl-Thr residue in case of the NS3/4A (cis) cleavage site and a 
residue with a small side chain is found at the PI' position. (According to Berger et al. [74], amino acids 
extending from the cleaved bond towards the amino terminus are denoted as PI, P2, P3, etc. and those 
extending towards the carboxy terminus are designated PI', P2', P3', etc.) Several studies have shown 
that the PI residue is the primary determinant of substrate specificity whereas the P 1' and the P6 
residues are highly tolerant towards substitutions [75-78]. Although these results imply that the acidic 
amino acid at the P6 position is less important for efficient substrate cleavage, one additional acidic 
residue is found on the P-side in close proximity to all NS3-dependent sites. As shown for the NS5A/5B 
site, substitution of both acidic residues blocks cleavage, suggesting that an overall negative charge in 
the region just upstream of the scissile bond is important for efficient processing [76]. 

For a given substitution, a site-dependent gradient in the inhibition was observed with the NS3/4A site 
showing the greatest tolerance and the NSSA/5B site being most sensitive [75-78]. This result probably 
reflects the different mechanisms operating at the NS3-dependent sites. Cleavage at the cis-site primarily 
seems to be governed by polyprotein folding bringing the proteinase in close contact to the substrate and 
compensating for a weak interaction with a less favourable PI residue. In contrast, processing at the 
other trans-cleavage sites may be governed primarily by direct interaction between the proteinase and the 
polyprotein substrate requiring more stringent conditions. 
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The NS4A Proteinase Cofaclor 

Studies aimed at the identification of factors required in addition to NS3 for polyprotein cleavage 
demonstrated that the 54-residue NS4A is a proteinase cofactor [49-52], that is when NS3 is coexpressed 
with an NS4B-5B substrate in cell culture, only a low cleavage at the NS5A/5B site is found whereas 
processing at the NS4B/5 A junction does not take place at all. However, when NS4A is coexpressed 
with the proteinase and the same substrate, efficient cleavage at both sites is restored. From this type of 
analysis it was shown that processing at the NS3/4A, NS4A/4B and NS4B/5A sites is absolutely 
dependent on NS4A whereas cleavage between NS5A and NS5B can be mediated by NS3 alone, 
although, at least for some HCV isolates, efficiency is significantly enhanced by the cofactor [50]. 
Proteinase activation can be achieved by NS4A expressed as part of the substrate or as part of the 
proteinase, but also when NS4A is expressed as a separate molecule in trans [49-51]. 

A first hint on how NS4A activates the NS3 proteinase came from immunoprecipitation studies showing 
that both molecules form a detergent-stable protein complex [26, 69, 79-81 ]. Disruption of the complex 
by amino acid substitutions within NS3 or NS4A also affects processing at the NS3-dependent sites, 
indicating that complex formation is an essential prerequisite for proteinase activation. This assumption 
also explains the differential effect observed for amino-terminal NS3 deletions described above. 
Removal of 14 residues does not affect processing at the NS3-dependent sites and has only a moderate 
effect on complex formation. In contrast, deletion of 22 amino acids severely affects cleavage at these 
sites and abolishes interaction with the cofactor. This result not only emphasizes the importance of 
complex formation for proteinase activation but also maps the NS4A binding domain within NS3 in the 
amino-terminal 22 residues [71, 79, 80, 82]. The only exception is cleavage at the NS3/4A site. In this 
case, a proteinase lacking 28 amino-terminal residues and unable to interact with the cofactor still can 
cleave at this site [71 ]. Possibly, processing at this cis-site is affected primarily by polyprotein folding, 
helping to place NS4A in the appropriate position for NS3-mediated cleavage. Therefore, an 
amino-terminally truncated NS3-4A precursor still may undergo self-cleavage because the cofactor is 
covalently linked to the proteinase, thereby compensating for a defective protein-protein surface. 

Transient expression of constructs directing the expression of amino- and carboxy-terminally truncated 
NS4A proteins mapped a minimum proteinase activation region within the cofactor to the central 
domain from Gly21 to Ser-32 [52, 79, 80]. Since synthetic peptides carrying this region are sufficient for 
full proteinase activation, it constitutes an autonomous proteinase activation and binding domain [81, 
83-86]. In summary, these results demonstrate that proteinase acfivation is mediated by complex 
formation for which amino-terminal NS3 sequences and the central region of NS4A are required. 

However, certain mutations within these sequences which have no effect on proteinase activation reduce 
recovery of NS3/4A complexes, suggesting that a weak overall association between both proteins is 
sufficient for activation [71, 79, 80]. Perhaps the tight interaction observed betw^een NS3 and NS4A 
serves another function, namely association of NS3 with intracellular membranes. NS4A is an 
amphipathic peptide Ughtly interacting with membranes via the hydrophobic amino terminus likely to 
form a transmembrane helix [26, 52]. Given that the carboxyterminal NS3 domain is an 
NTPase/helicase, membrane attachment of NS3 via NS4A might be required for the formation of a 
membrane-associated replicase complex. 

Using several in vitro systems composed of NS4A-specific peptides, recombinant purified NS3 
proteinase from different sources and peptide substrates or substrates generated by in vitro translation, 
the mechanism of NS4Amediated proteinase activation was analyzed. It was found that NS3 and the 
cofactor form a 1 : 1 complex suggesting that the enzymatically active proteinase is indeed a heterodimer 
[87, 88]. By interaction with NS4A, cleavage rates of the proteinase at the various sites are infiuenced to 
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very different extents. While cleavage efficiency (expressed as k^sub cat^/K'^sub m'') is enhanced about 
3-fold at the NS5A/5B site, an 1 1-fold increase is found at the NS4A/4B site and even a 100-fold 
increase at the NS4B/ 5A site [85, 88], Thus, NS4A exerts its greatest effect at the site that is cleaved by 
the proteinase in the absence of the cofactor with the least efficiency. Interestingly, enhancement of 
cleavage at the NS5A/5B site and the NS4A/4B site is achieved essentially by an increase of k'^sub cat^ 
(3-fold and 5-fold, respectively), whereas cleavage efficiency at the NS4B/5A site is enhanced by an 
increase of k^sub cat^ and K^sub m'^ (16-fold and 6-fold, respectively) [88|. This increase of K ^sub nr 
for NS4B/5A substrates indicates a stabilizing effect of NS4A between the NS3 proteinase and the 
substrate and might explain the coprecipitation of NS4A with an uncleaved NS4B-5B substrate [79]. 

The way NS4A influences k^sub caf^ is not known. One explanation would be a conformational change 
in the NS3 proteinase after association with NS4A creating an optimal environment for catalysis. In 
agreement with this assumption Steinkuhler et al. [88] found that the physicochemical requirements (e.g. 
dependence on glycerol and detergents) necessary for optimal proteinase activity were different for an 
NS3 proteinase compared to an NS3/4A proteinase complex. Overall, these results suggest that NS4A 
exerts its activation function by ( 1 ) induction of conformational changes within NS3 and (2) 
stabilization of the proteinase/substrate interaction in case of the NS4B/5A site. 

NS4A is not the only factor modulating NS3 proteinase activity. Using a purified full length NS3/4A 
expressed in mammalian cells, Morgenstem et al. [89] found that polynucleotides have a profound effect 
on enzymatic activity. When poly (U) was added to an in vitro transcleavage assay proteinase activity 
was enhanced about 5fold. Poly (A) and poly (C) had a lower activating effect (about twofold), whereas 
no significant enhancement was found for poly (G). Since no activation was found with a 
carboxy-terminally truncated NS3 proteinase lacking the NTPase/helicase domain, these results suggest 
that polynucleotides exert their activating effect on the proteinase indirectly via binding to the 
carboxy-terminal helicase domain. Although it is not clear whether poly (U ) enhances catalytic activity 
or enzyme stability, in either case, the results imply an interdomain communication. This phenomenon 
also could explain why different enzymatic activities reside in one molecule. It is not simply for 
economical reasons but rather for mutual modulation or coupling of these activities. 

Structure of the NS3/4A Proteinase Complex 

Many of the biochemical studies described above were confirmed and extended by the recent resolution 
of the three-dimensional X-ray crystal structure of the NS3 proteinase domain [90] or the NS3 proteinase 
domain complexed with a synthetic NS4A peptide [91] (fig. 3). Both reports revealed a number of 
important and particular features of the HCV enzyme which will be listed below: 
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( 1 ) In agreement with the experimentally determined inhibitor profile [92], the NS3 proteinase has a 
chymotrypsin-like fold with structural similarities to the proteinase residing in the Sindbis virus capsid 
protein. 

(2) The NS3/4A proteinase is composed of two domains. The carboxy-terminal domain contains a 
sixstranded beta-barrel which is followed by a structurally conserved alpha-helix. The amino-terminal 
domain of NS3 contains 8 beta-strands with one contributed by NS4A (fig. 3). The active-site residues 
His-56 and Asp-79 are located in the amino-terminal domain, whereas the active-site residue Ser-139 
resides in the carboxy-terminal domain and they project into the cleft which separates the 2 domains. 
The central NS4A proteinase activation sequence tightly intercalates into the amino-terminal domain 
essentially via hydrophobic interactions. Given this tight association, NS4A should be considered an 
integral component of the NS3/4A complex. In the absence of NS4A, the amino-terminal sequence of 
NS3 is loosely structured and extends away from the protein [90], suggesting that interaction with NS4A 
is required for correct folding of the sequence at the amino terminus of NS3. Such a reorganization of 
NS3 probably leads to a more stable structure explaining why NS4A binding to the proteinase inhibits 
NS3 degradation by cellular enzymes [52], 

(3 ) A tetrahedrally coordinated zinc ion complexed via 3 Cys-residues and through a water molecule via 
one Hisresidue is present in the carboxy-terminal domain. Given the distance from the active site of the 
enzyme, zinc appears to have a structural and not a catalytic role. This finding explains the unusual 
sensitivity of the NS3 serinetype proteinase to divalent metal ions; e.g. it was found that Zn^sup 2+^ 
activates the enzyme whereas it is inhibited by Cu^sup 2+^ [93]. The assumption that Zn plays a 
structural role is further supported by two observations: (a) The amount of soluble NS3 proteinase 
expressed in Escherichia coli increases drastically when the cells are cultured in the presence of 
Zn-containing medium, whereas in the absence of this additive, the major part of NS3 aggregates [94]; 
(b) when the coordinating histidine residue is replaced by alanine and the protein is expressed in 
Escherichia coli, practically all protein accumulates in the insoluble fraction [95]. 

(4) Several loops involved in shaping the substrate binding pocket in case of structurally related 
chymotrypsin and elastase are missing, rendering the NS3 substrate binding pocket rather featureless and 
solvent exposed. The specificity pocket accommodating the PI residue (designated the SI pocket) is 
shallow, non-polar and formed primarily by the side chains of invariant residues Phe-1 54, Ala- 1 57 and 
Leu-135, Substrate modelling studies [90] indicate that there are no distinct pockets for the P2-P5 side 
chains of the substrate and that this lack of interaction surface is compensated for by a continuous P2-P6 
main-chain interaction. According to these predictions, the acidic P6 residue could interact with Arg-161 
and Lys-165 of the NS3 proteinase domain. 

Several studies have examined the substrate specificity of the NS3/4A proteinase in great detail. As 
described above, the Si pocket is formed primarily by 3 invariant residues. Of these, Phe-1 54 is of major 
importance. As indicated by homology modelling studies [73] and the resolution of the X-ray crystal 
structure [90, 91], Phe-154 is located at the bottom of the Si pocket, suggesting that this residue has a 
dual function: delimifing the length of the PI residue that can fit into the pocket and establishing a 
favourable interaction between the correct PI residue cysteine and the aromatic side chain of 
phenylalanine. This dual function might be the explanation that cysteine is the most favourable P 1 
residue (and the only one found at the trans-cleavage sites). The importance of Phc-1 54 for substrate 
specificity was also demonstrated by mutation studies showing that alterations of this residue created 
enzymes with broader specificifies [96, 97], e.g. substitution of Phe- 154 by threonine generated a 
proteinase accommodating a PI -Leu residue which was not accepted by the parental enzyme. For the 
other 2 amino acids forming the substrate binding pocket, a minor contribufion of Ala- 1 57 was found 
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whereas alterations of Leu- 135 did not affect substrate specificity [97]. 

The way how substrate specificity is achieved was analyzed by Urbani and coworkers [98]. They found 
that synthetic peptide substrates which could not be cleaved or only very poorly still were bound 
efficiently by the proteinase. This result together with the modelling studies described above suggests 
that ground state binding of the substrate is mediated by multiple interactions involving in addition to the 
PI amino acid also distal residues. The main function of the P 1 residue would be to determine the 
efficiency with w^hich the bound substrate proceeds through the transition state. Both properties would 
by synergistic and generate the high specificity required to accomplish proper cleavage of the 
polyprotein substrate. Strategies for Inhibition of the NS3/4A Proteinase Identification of inhibitors 
targeted against the NS3/ 4A proteinase complex requires simple and reliable in vitro test systems which 
allow high volume 'random' screening of natural products, corporate collections of compounds or 
peptides and combinatorial chemical libraries. Several reports described the expression and, in some 
cases, purificafion of large amounts of enzymafically active NS3 or NS3/4A proteinase and they 
demonstrated in vitro cleavage of in vitro translated or recombinant HCV proteins or synthetic peptide 
substrates [8289, 92, 98-103]. These assays can now be used to pursue at least two different strategies of 
NS3-specific inhibition. First, inhibifion of the catalytic mechanism of the NS3 proteinase and second, 
construction of dominant negafive NS3 or NS4A peptides or compounds interfering with complex 
formation. 

Concerning the first approach, rational drug design and high volume random screenings currently are 
pursued and first inhibitors have been identified [ 104]. However, one problem has to be considered 
which refers to the rather unstructured substrate binding pocket of NS3. As described above, in case of 
the HCV enzyme several loops shown for other proteinases to make essential contributions to substrate 
binding are missing. The SI pocket is rather featureless and the P2-P5 residues appear to contact the 
enzyme primarily via main-chain interacfions. This apparent lack of specificity of proteinase-substrate 
interaction may make the development of specific inhibitors rather difficult. On the other hand, the 
unusual substrate specificity which is quite distinct from cellular serine-type proteinases suggests that it 
should be possible to generate inhibitors with a high degree of selectivity. With the availability of the 
three-dimensional structure of the NS3 proteinase, rational drug design, which so far had to rely on 
structure modelling should be accelerated. 

Concerning the interference of the NS3/4A interaction, several possibilities could be envisaged: (1 ) 
dominant negative NS4A peptides interacting with the substrate or blocking enzyme-substrate 
interaction; (2) NS3 peptides interacting with the cofactor in a way that it can no longer bind to the 
proteinase or (3) dominant negative NS4A peptides or synthetic compounds interacting with NS3 in a 
way that activaUon by the cofactor is no longer possible. Referring to this last approach, Shimizu et al. 
[85] have recently described an NS4A pepfide in which Arg-28 was replaced by glutamine and this 
peptide inhibited proteinase activation in vitro. How^ever, it should be kept in mind that in vivo, 
processing at the NS3/4A site most likely is an intramolecular and cotranslational event and is go\ crncd 
by a cotranslational interacfion between the amino-terminal NS3 domain and the NS4A sequence. Given 
this rapid and efficient event, a posttranslational displacement of NS4A from the proteinase complex 
might be difficult to achieve. Obviously further studies are required to characterize proteinase-cofactor 
interaction and define of how proteinase activation is accomplished. 

The Viral Replicase Complex: An Alternative Target for Drug Design 

In the past few years, the mechanisms and enzymes involved in polyprotein processing of HCV have 
been a main focus of interest. Only recently have components of the viral replicase complex recei\'cd 
more attention with the demonstration of enzymatic activity in the NS3 NTPase/helicase and the NS5B 
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RdRp. Both proteins are highly conserved among HCV strains and most likel\ essential tor \ irus 
replication, making these enzymes further attractive targets for antiviral intervention. 

The NS3 NTPase/Helicase 

Helicases are enzymes capable of unwinding duplex DNA or RNA structures, i.e. generating 
single-stranded nucleic acids from a double-stranded substrate. This energy-dependent reaction is 
coupled to the hydrolysis of a nucleoside triphosphate (N TP) explaining why all helicases identified thus 
far also have an NTPase activity [for a recent review, see ref. 105]. Based on the existence of conserved 
amino acid sequence motifs, helicases have been divided into 3 superfamilies with superfamily 2 
representing the NS3-like proteins of poty- and flaviviridae. The common denominator of these helicases 
is the NTP-binding motif composed of the A and the B site [106]. The A site is characterized by a stretch 
of hydrophobic amino acids followed by the conserved sequence GxxxxGKS/T (where x represents any 
residue). This site is directly involved in binding of the beta- and gamma-phosphates of the NTP. The B 
site also known as the 'DEAD' box (in case of HCV a 'DECH' box) serves to chelate the Mg^sup 2+'^ of 
the Mg-NTP complex. Similar amino acid sequence motifs are found in the carboxy-terminal two thirds 
of the HCV NS3 and it is now well established that this protein domain has an NTPase/helicase acti\ it} 
[44-48^ 107] catalyzing the hydrolysis of NTP and the unwinding of duplex RNA in the presence of 
divalent metal ions. Using purified recombinant protein and various in vitro assay systems the following 
properties of the enzyme have been observed: 

(1 ) The minimal functional domain of the NTPase/ helicase is approximately 400 amino acids in length 
and maps between NS3 residues 1209 and 1608 [108]. 

(2) NS3 binds to homoribopolymers with the following order of specificity: poly(U) » poly(A) > 
poly(C)/poly(G) [46]. Since the 3' NTR of the HCV genome contains a polyuridine stretch, NS3 might 
bind preferentially to the viral RNA [20-23, 109]. 

( 3 ) Binding affinity also depends on the length of the nucleic acid which must have a minimum of 12-1 5 
nucleotides [ 107]. This value is in a range comparable to the monomers of the E. coli Rep helicase and 
eukaryotic nuclear DNA helicase (16 nucleotides) [107 and references cited therein]. 

(4) The NTPase is relatively nonselective for the nucleoside and it can hydrolyze all ribonucleotides and 
deoxynucleotides [44, 107]. 

( 5) NTPase activity is stimulated by polynucleotides up to 25-fold with polyuridine and 
polydeoxyuridine achieving maximal stimulation [44, 89, 107], whereas poly(A) and poly(C) are less 
effective. This stimulation is highly selective for the length of the nucleic acid and appears to induce a 
conformational change in the helicase [107]. 

(6) In contrast to the stimulation of NTPase, helicase activity is inhibited by polynucleotides with the 
following order of efficiency: poly(G) > poly(U) > poly(A) > poly(C) [48, 89, 107]. This inverse 
correlation between NTPase stimulation and inhibition of helicase activity suggests that polynucleotides 
compete with RNA substrates for the same or overlapping binding sites. 

(7) The RNA unwinding activity has an absolute requirement for a divalent metal ion, either Mg2+ or 
Mn2+, and ATP suggesting a close coupling of this activity with ATP hydrolysis [ 107J. 

(8) The enzyme binds to substrates containing 3' or 5' single-stranded regions but not to blunt-ended 
RNAs. However, the RNA helicase unwinds RNA-RNA and DNA-DNA duplexes as well as 
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RNA-DNA heteroduplexes only in the 3' to 5' direction with respect to the template strand [46-48 ]. 
Given this directionality, the polarity of the RNA strand to which the helicase binds appears to be an 
important enzymatic determinant [46-48]. 

Very recently, the three-dimensional structure of the HCV NTPase/helicase domain was solved at 2,1 
Angstrom resolution [110]. A 450-residue NS3 fragment was expressed as a histidine-tagged fusion 
protein in E. coli and after extensive purification and removal of the foreign sequence used lor 
crystallization. It was found that the helicase has 3 nearly equal-sized domains resulting in a triangular 
molecule. The amino- and carboxy-terminal domains are closely packed and form one rigid unit. A deep 
groove separates this unit from the RNA-binding domain which contains several conserved arginine 
residues required for interaction with the nucleic acid. This RNA binding domain forms a rigid 
framework which is linked to the rest of the molecule rather flexibly. As deduced from comparisons of 
crystallographically independent molecules, the RNA-binding domain can rotate and this rotation is 
accomplished by concerted motions of an extended antiparallel beta-sheet and a highly conserved 
TATPP sequence also known as motif III in the helicase superfamily 2 [ 105]. Given the close proximity 
of the NTPase domain to the TATPP sequence, it is possible that structural rearrangements leading to 
rotation of the RNA binding domain are coupled to NTP hydrolysis. 

In summary, these data show that NS3 of HCV is a polynucleotide-stimulated NTPase with biochemical 
characteristics shared by many other viral RNA helicases [105]. However, thus far, most studies were 
performed with truncated NS3 proteins comprising only the helicase domain. As shown by Morgenstern 
et al. [89], a full-length NS3 protein complexed with NS4A has some biochemical properties different 
from those described for truncated NS3. These differences include the pi 1 value or the concentration of 
poly(U) required for optimal ATPase activity indicating that molecular interactions between the NS3/4A 
proteinase domain and the helicase domain probably affect ATPase activity of the latter. These results 
have to be kept in mind in that inhibitors designed against the helicase domain should also be evaluated 
in the context of an authentic NS3/4A protein complex. 

The NS5B RdRp 

The second obvious component of the viral replicase complex is the viral RdRp. Originally predicted on 
the basis of the 'GDD' motif to encode a polymerase, this enzymatic activity has now been proven 
[53-55]. Due to the difficulties in obtaining sufficient amounts of soluble enzymatically active NS5B in 
prokaryotic expression systems, most studies used recombinant baculoviruses. It was shown that NSSB 
is a phosphoprotein associated with intracellular membranes suggesting that HCV replication takes place 
in a membrane-bound replicase complex [111]. Two different enzymatic activities were described 
associated with purified NS5B: an RdRp and a terminal transferase (TNTase) adding one non-templated 
nucleotide to the 3' end of a substrate RNA [53]. As described for most viral RdRps, NS5B requires a 
primer to initiate RNA synthesis which at least under in vitro conditions is generated by intramolecularh 
base-paired, 3'-terminal sequences leading to the production of base-paired dimersized RNA molecules 
[53, 54]. This reaction is strongly preferred in that exogenous primers are only used when the 3'-0H 
group of the RNA template is blocked chemically [53, 54]. In case of homopolymeric templates which 
cannot form intramolecular base-pairings, RdRp activity strictly depends on the addition of exogenous 
primers which can be DNA or RNA [53, 54]. Whether initiation of RNA synthesis in the infected cell is 
also mediated by intramolecular priming is not known, but if it is, a specific ribonuclease w ould be 
required cleaving the RNA dimer at the initiation site. 

Using an in vitro transcribed HCV full length RNA it was shown that the enzyme can copy a complete 
genome in the absence of additional cellular or viral proteins (fig. 4) [54]. Preliminary results from 
kinetic analyses indicate that the enzyme has an elongation rate of about 120 nucleotides per minute 
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which is slower compared to the values of 3D''sup Por of poliovirus ranging between 300 and K250 
nucleotides per minute [112, 113]. Whether this is an NS5B-inherent activity or due to the lack of an 
additional factor enhancing the catalytic activity remains to be determined. 

The enzyme has no apparent template specificity and copies homologous and heterologous RNAs. This 
observation was substantiated with RNA binding studies and competition experiments [54]. Using an 
RNA corresponding to the last about 300 nucleotides of the HCV genome, it was found that binding of 
NS5B to this template could be competed equally well with homologous and heterologous RNAs. 
However, for homopolymeric templates a clear preference of binding was found: poly (U) > poly (G) > 
poly (A) > poly (C) [54]. Interestingly, an inverse order could be observed when these polymers were 
used as templates for the RdRp reaction. In this case maximal activity w^as found with poly (C)/oligo 
(G)^sub 12^, whereas poly (U)/oligo (A^sub 12^^ and poly (G)/oligo (C)^sub 12^ were inactive [54]. 
This resuh suggests that low binding of the polymerase to the primer and tight binding to the template 
correlates with low levels of RNA synthesis, whereas preferential binding to the primer and low binding 
of the template correlates with high levels of synthesis. Probably, tight binding of the polymerase to the 
template slows movement on it and inhibits RNA synthesis. A similar result has been described for 
3D^sup POr of poliovirus [114]. 

Several studies have shown that nucleic acid polymerases show fundamental structural and mechanistic 
similarities which are reflected by distinct amino acid sequence motifs [for a review, see ref. 115]. These 
motifs, designated A-D according to the suggestions of Poch et al. [116], are also found in the central 
region of HCV NS5B (fig. 5A). Motif 'A' characterized by an invariant aspartic acid residue is most 
likely involved in nucleotide binding and catalysis. Motif *B' carries an invariant glycine and probably 
plays a role in template and/or primer positioning. The 'GDD' motif, which is a hallmark of most 
polymerases, is part of motif 'C involved in NTP binding and catalysis. Interestingly, within motif 'D' 
which also seems to be involved in NTP binding and catalysis, for all reverse transcriptases (RT) and 
nearly all viral RdRps, a lysine residue is found whereas an invariant arginine is present at this position 
in case of all HCV isolates (fig. 5A). The importance of these amino acids for enzymatic activity was 
recently shown by an intensive mutation analysis [54]. Numerous single substitutions were introduced 
into NS5B, expressed with recombinant baculoviruses in insect cells and purified to near homogeneity. 
None of the substitutions significantly affected RNA binding. However, with one exception, all amino 
acid exchanges severely reduced RdRp activity (fig. 5B). The exception was the mutation in which the 
arginine of motif 'D' was replaced by a lysine. This enzyme had an about 50% higher activity compared 
to the parental protein. As inferred from the three-dimensional structure of human immunodeficiency 
virus RT, this lysine together with the highly conserved carboxylates of motifs 'A' and 'C is directly 
involved in catalysis [117, 118], suggesting that the arginine at this position directly reduces the 
enzymatic activity. Alternatively, the high activity of the altered enzyme could be explained by an 
indirect effect, e.g. by affecting the conformation increasing the number of enzymaticalK acti\'e 
molecules in the NS5B preparation. 

In summary, the results confirm the importance of 4 amino acid motifs for RdRp activity. Since they are 
significant elements of the 'polymerase module' constituting the framework of the enyzmatically active 
protein domain, it is likely that the central region of NSSB has structural similarities to those described 
for other polymerases and RTs. We can expect that activities or protein domains required for 
HCV-specific purposes reside in sequences amino- or carboxy-terminal of the central polymerase 
module. 
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Fig. 4. 

While it is obvious that the RdRp is essential for viral replication, the significance of the TNTase is less 
clear. As described above, an NS5B-associated activity adding a single ribonucleotide to the 3'-0H 
group of an RNA molecule was found with purified NS5B [53]. All 4 NTPs could be used as a substrate 
with a slight preference for UTP. The same enzymatic activity was described in a subsequent report, 
again associated with recombinant NS5B purified from insect cells [54]. However, in this case 2 
observations suggested that the TNTase was due to a cellular protein copurifying in minute amounts 
with the HCV protein: (1) none of the 20 NS5B mutations reducing or blocking RdRp activity (fig. 5B) 
affected the TNTase activity and (2) it was also found with a purified NS4B protein and with lysates of 
cells infected with baculo wild type virus and purified in the same way. Finally, no TNTase was found 
with an NSSB expressed in E. coli (albeit within a rather low level of sensitivity [55]). 

Although we are far away from a detailed understanding of the mechanisms underlying HCV replication, 
at least 2 viral proteins most likely important for this reaction could be identified: the NS3 
NTPase/helicase and the NSSB RdRp. Both enzymes can be expressed in high quantities, they can be 
purified to homogeneity and appropriate in vitro assays are available. In case of the NS3 
NTPase/helicase the three-dimensional structure was solved allowing a rational drug design. For the 
NSSB RdRp, the three-dimensional structure of the polymerase module e.g. from the HIV RT [1 1 7. 118] 
might be used as a guideline for homology modelling. These 'rational' approaches should facilitate and 
accelerate development of effective therapeutics targeted against components of the HCV replicase. 

Conclusions and Future Directions 

In the past few years our knowledge about the molecular biology of the HCV has increased rapidly and 
led to the identification of potential targets for antiviral intervention. As illustrated by the resolution of 
the X-ray crystal structure, the most advanced is the NS3/4A proteinase complex. However, despite this 
progress, several obstacles have to be overcome before effective therapeutics become available. The first 
refers to the high sequence variability of the HCV genome. This property has to be considered for at 
least two reasons. First, compounds are required which are effective against all different genotypes. 
Second, we can expect that therapy-resistant viruses will evolve. A combination therapy using drugs 
specific for different targets (e.g. NS3/4A proteinase and NSSB polymerase) might help to overcome this 
complication. Another issue to be considered concerns the lack of convenient animal models or 
appropriate cell culture systems to allow efficient virus propagation. This problem could be solved, at 
least to some extent, by using surrogate systems. For the NS3/4A proteinase several cell-based systems 
have been described allowing the evaluation of an intracellular inhibition of the enzyme [ 1 19, 120]. In 
addition, Hahm et al, [ 121 ] constructed a chimeric HCV/poliovirus in which the NS3 proteinase w^as 
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fused in frame to the amino terminus of the poliovirus polyprotein. Viability of this virus requires 
proteolytic removal of NS3 and, hence, inhibition of NS3 reduces virus formation. In a similar approach 
an HCV-Sindbis chimeric virus has been described whose replication and production of infectious 
progeny depends on the activity of the engineered NS3 proteinase [122]. Alternative to these systems, 
which depend on the replication of engineered viruses, the GBV-B virus [58] described above might be a 
useful model. As deduced from sequence comparisons and structure modelling, the GBV-B analogous 
NS3 proteinase is expected to have a substrate specificity similar to that of HCV. Since GBV-B 
efficiently replicates in tamarins (Sanguinus sp.), it might be used as a model to test for proteinase 
inhibitors in an animal. Another possible surrogate system would be transgenic animals expressing 
functional HCV proteins in a way that their inhibition can be easily monitored. However, it should be 
kept in mind that these systems do not allow firm conclusions on the inhibition of HCV replication in 
the infected cell. Irrespective of these limitations, the progress made during the last few years will keep 
us optimistic that effective antiviral drugs will become available in the not too far future. 
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